River water quality in rapidly urbanising Asian cities threatens to damage the resource base 17 on which human health, economic growth and poverty reduction all depend. Dhaka reflects 18 the challenges and opportunities for balancing these dynamic and complex trade-offs if water 19 security goals can be achieved through effective policy interventions. There is a serious 20 problem of water pollution in central Dhaka, in the Turag-Tongi-Balu River System in 21
INTRODUCTION 36
Environmental pollution in large rapidly developing delta cities is a major problem responsible 37 for over 12.6 million deaths annually according to the World Health Organisation and UNICEF 38 (Prüss-Üstün and Corvalán, 2006). Deltas have some of the highest population densities in 39 the world with often poor and vulnerable residents (Nicholls et al, 2016) . The presence of high 40 population numbers, unsanitary conditions, poorly regulated industrial discharges and 41 untreated domestic effluents has ensured that many urbanised delta rivers are highly polluted.
42
They also pose a significant health threat to people using the rivers, groundwaters and 43 associated water supply systems (Pimentel et al., 2007 , Vörösmarty et al., 2010 . Similar to 44 urban rivers systems in other rapidly industrializing developing countries, the rivers of Dhaka 45
City, Bangladesh, are heavily impacted by the scale and intensity of economic growth. While 46
Greater Dhaka is a major engine of growth for Bangladesh, representing 40% of GDP 47 production, high levels of pollution, over-abstraction of ground water, and inefficient use 48 means that the Turag -Tongi -Balu river system in central Dhaka (Figures 1 and 2 ) receives 49 a huge load of domestic and industrial effluent. New industrial developments and townships 50 enhance these pollution loads with devastating impacts on river water quality. In this paper we 51 assess the impact of nutrient and Total Coliform pollution in the Turag-Tongi-Balu River 52 system and consider the mass balance of chemical constituents in the river system. behaviour of the catchment and river system. Water quality modelling is a useful technique to 56 improve our understanding of the spatial and temporal dynamics of nutrients and Total 57
Coliform in a river system, and can be used to explore the potential effects of different 58 management and hydrological change scenarios on river water dynamics. Two management 59 strategies have been considered in this study, namely, the introduction of effluent clean up 60 technologies for key discharges along the river and the alteration of water flows in the upper 61
Turag so as to increase the flows of water in low flow conditions. This study presents the first 62 integrated flow and water quality model of pollution risks in urban Dhaka and aims to guide 63 and support government efforts to systematically regulate pollution in the Dhaka region. increased 5% within the same period. Brickfields are also one of the major sources of water 107 and air pollution in Dhaka city. The sewerage and sanitation network of Dhaka city covers only 108 25% of the total urban area. In the absence of an appropriate waste management system, 109 over 50% of municipal waste is disposed into the water bodies of Dhaka city (MoEF, 2010).
110
Therefore, it is a considerable challenge to identify the location of the pollution sources around 111 the Turag-Tongi-Balu River System (Sabit and Ali 2015, MoEF, 2010).
WATER QUALITY IN THE RIVER SYSTEM 113
Given the extensive sources of pollution in the Turag-Tongi-Balu system, it is not surprising 114 that the observed concentration data highlights the poor water quality. A comprehensive 115 sampling programme has been conducted by BUET (Bangladesh University of Technology) 116
and Figure 2 shows the spread of sampling sites along the river system plus the sample dates.
117
All the samples and measurements were taken from the middle of river at the designated 118 sample points decided from literature, satellite imagery and a number of reconnaissance visits 119 to the river system. Some of the parameters were analysed in-situ with HACH HQ40d multi-120 parameter meter which can measure pH, dissolved oxygen (DO), oxidation-reduction potential 121 (ORP), electrical conductivity (EC) and Total Dissolved Solids (TDS). Measurements were 122 made and samples collected from a depth of 50 cm from the surface to avoid wave turbulence 123 and debris. Samples of 500 ml were collected using an automatic wastewater sampler (Global 124
Water WS 755) and stored in pre-acid washed Teflon coated reagent grade plastic bottles.
125
Bottles were capped following standard EPA guidelines to remove air and placed in ice boxes 126 to limit biological activities. Filtered samples were used for measuring chemical oxygen 127 demand (COD), nitrate, ammonia and phosphate using spectrophotometric methods. For this 128 a HACH DR-6000 spectrophotometer was used following HACH pre-calibrated standard 129 methods. Microbial analysis included measurements of Total Coliforms (TC) and E.coli 130 cfu/100ml undertaken using standard methods. Total coliforms include bacteria that are found 131 in the soil, in water that has been influenced by surface water, and in human or animal waste.
132
Faecal coliforms are the group of the total coliforms that are considered to be present 133 specifically in the gut and faeces of warm-blooded animals. For each sample, 100 ml were 134 filtered using 0.45 µm cellulose nitrate filters, which were attached to adsorbent pads soaked 135 in m-ColiBlue24 broth in a sterilised petri dish, and the assembly was incubated at 35°C for 136 24 hours. The colonies on the filters were counted using a digital colony counter after the 137 incubation period. The dilution ranged from 1000 to 10000 for samples where the dilution was 138 decided from samples from reconnaissance visits and literature. Figure 3 shows plots of the 139 profiles of water quality along the main river system with data means at different reaches for 140
Nitrate-N, COD, DO, Ammonia-N and TC, as an indicator of Total Coliform. The Nitrate-N 141 shows quite high concentrations higher up in the catchment reflecting agricultural 142 development in the upper reaches of the Turag, but the concentration falls as the Nitrate-N 143 moves down the river system, suggesting both dilution and denitrification. The COD levels are 144 very high indicating significant effluent and industrial discharges. There is a major difference 145 between the wet and dry periods, with much higher COD in the dry season. This is due to the 146 low flows and hence reduced dilution of effluents and discharges. The high COD, and by 147 association, high BOD, also causes extremely low DO levels, as shown in Figure 3 . DO is 148 close to zero in certain reaches in the low flow period which creates anoxic conditions, leading 149
to many pollution problems such as the release of noxious gases such as hydrogen sulphide, 150 and dissolution of metals from the sediments into the water column. These can cause serious 151 health problems. The Ammonia and Nitrate -N concentrations also become very high with 152 Ammonia-N reaching 16 mg/l. Nitrate declines down the river system suggesting higher 153 agricultural sources of nitrate and instream denitrification occurs plus dilution of the upstream 154 pollution. The Ammonia-N also creates low oxygen conditions as Ammonia-N nitrifies to nitrate 155 and utilises oxygen for the river water. Plus there will be a large release of nitrous oxide gas 156 (a greenhouse gas) from denitrification processes. Thus the Turag-Tongi-Balu system is 157 highly polluted and there is a need to make a major effort to clean up the river system and 158 restore it to reasonable health. 159 
THE INCA (INTEGRATED CATCHMENT) FLOW AND QUALITY MODEL 167
There are relatively few models of whole catchments that incorporate the soil and groundwater 168 components as well as river channel dynamics, despite the fact that many problems are 169 caused by nonpoint source or diffuse pollution. Where such models do exist they are often 170 driven by overly complex hydrological models. In an attempt to develop a process-based water 171 quality model with hydrology and water quality modeled at the same level of complexity, a 
APPLICATION OF INCA TO TURAG-TONGI-BALU SYSTEM 217
The INCA N and INCA TC model requires daily time series of precipitation, hydrologically 218 effective rainfall (HER), temperature and soil moisture deficit (SMD), as can be seen in Figure  219 6. Observational data are available from in situ weather stations and also from satellite 220 measurements and these have been integrated into observational datasets which cover the 221 region as part of the Aphrodite online data system (Yatagai et 
Model set-up-Sub-catchment and Reach Structure 254
The reach structure of the Turag-Tongi-Balu system is complex, with the Tongi Khal 255 connecting the Turag and Balu Rivers, as shown in Figure 7 . This figure also shows the upper 256 reaches of the Turag and the linkage to the Brahmaputra, as well as the details of the lower 257 reaches. The river system has been divided up into 24 reaches as indicated in Table 1, Due to a lack of data, effluent discharges for each reach were estimated by running the model 274 in a "reverse-mode" and comparing the pattern of simulated and observed water quality along 275 the river. In the case of the Total Coliform model, observations for Total Coliforms were 276 sourced from the water quality surveys, which measured water quality at numerous locations 277 along the Turag-Tongi-Balu River system (Figure 2 ) and over a range of dates, as shown in 278 Figure 2 . A similar method of running the model in a "reverse-mode" to estimate the 279 contaminant discharges was used in a study of perfluoroalkyl substances by Sharma et al.
280
(2016) in a similarly data-scarce context. Effluent discharges were estimated separately for 281 the wet (May to October) and dry (November to April) seasons due to the substantially higher 282 runoff (and hence higher effluent loads) during the wet season. The Total Coliform 283 concentration of the effluents was calibrated by comparing the distribution of simulated values 284 to observed data. Model process parameters such as the Total Coliform die-off rate, growth 285 rate and light decay rate were based on values from the literature, as shown on Table 2  286 (Whitehead et al., 2016), and this was necessary because of the lack of any process rate data 287 for the triver system. As shown in Figure 9 and Figure 10 the profile down the river system 288 from the model compares well with the observed profiles of mean TC and mean Ammonia-N, 289 although ammonia shows some spikes probably due to the sampling site being immediately 290 downstream of an effluent discharge. The model fits to the data along the river gives R 2 of 291 0.79 for ammonia and 0.76 for Total Coliform, so this gives some confidence that the model 292 is representing the water quality in the river system. 293 294 Figure 7 Reaches and subcatchments of the Turag-Tongi-Balu River System around Dhaka.
295
Left map shows the upper Turag Sub-catchment 1 (in red) and the flood flows (in red) moving 296 across to the Turag from the Brahmaputra. The right map shows the reach boundaries in the 297 middle and lower reaches of the Turag-Tongi-Balu System from subcatchment 2 to 24 (red 298 arrows indicate directions of flow in the wet season). 299 Table 1 Turag-Tongi-Balu River System reaches, sub-catchments and land use 300 System in the Dry period 320
RESTORATION MEASURES
Having established the INCA models for Total Coliforms and Ammonia-N, we can use the 322 model setup to evaluate a series of management alternatives to address the serious pollution 323 problems along the river system. Two management strategies have been considered in this 324 study: the introduction of effluent clean up technologies for key discharges along the river, and 325 the alteration of water flows in the upper Turag to increase the flows of water in low flow 326
conditions. Figure 11 shows the effects of these strategies on the Ammonia-N concentrations 327 along the river system, as well as what would happen if both were implemented together. With 328 a modern effluent treatment plant it can be assumed that the ammonia concentrations could 329 be reduced from 19 mg/l in the effluent discharges to 5mg/l, then this would result in a 330 significant reduction in ammonia in the river system, as shown in Figure 11 . Flow 331 augmentation would involve creating a canal or link between the Brahmaputra and the upper 332
Turag. Allowing an augmentation flow of 20 m 3 /sec during the dry period the dilution effects 333 would be significantly enhanced, halving the Ammonia-N concentrations to approximately 6 334 mg/l (Figure 11 ). The best solution is to combine these policies, and this would reduce the 335 ammonia levels to low concentrations of 1 to 2 mg/l. These two strategies would also reduce 336 the concentrations of other pollutants such as BOD and COD, as well as metals and organics. 337
This would therefore transform the river from being one of the most polluted in the world to 338 being a safe river of average to good water quality with dissolved oxygen concentrations of 5-339 7 mg/l or at 80% saturation. This combined strategy would also prevent the anoxic conditions 340 in the sediments preventing the release of metals into the water column and contribute to a 341 reduction in noxious gas formation. Total Coliforms of 1E+06 , 5E+05, 1E+05 and 1E+04 cfu/100ml, corresponding to a 0%, 50%, 366 90% and 99% reduction respectively 367
CONCLUSIONS 368
The INCA-N and Total Coliform models are able to simulate spatial and temporal patterns in 369 ammonia, nitrate and Total Coliform along the Turag-Tongi-Balu River system. The scenario 370 analyses indicate that improved effluent treatment and flow augmentation are likely to have a 371 great impact on reducing pollutant levels in the river system. This combined strategy to reduce 372 pollution and enhance the low flows is recommended. This approach also aligns with 373 government policy. However the costs of new Sewage Treatment Works (STWs) plus the cost 374 of canals or diversions to enhance summer flows upstream will be high. The model can be 375 used to evaluate alternative designs such as the number, efficiency and location of STWs, the 376 flows required by the canal, and hence canal size in order to evaluate the most cost effective 377 solution. Improving water quality is a key priority for the government and a stronger evidence 378 base can help target the most beneficial investments for people, ecosystems and industry. 379
Dissolved oxygen is a key indicator of ecosystems health and there is a strong need to 380 significantly improve current DO levels to bring them back to internationally accepted ranges. 381
It should be noted that there are always limitations on studies of water quality and modelling 382 in complex river systems. There is limited data available on the effluent discharges as many 383 discharges are not monitored or measured, plus there are model uncertainties associated with 384 parameterisation of the models. Again this is due to the lack of measurement but literature 385 values of parameter and the extensive experience of applying INCA to over 50 catchments 386 worldwide gives confidence that the model is representative of the river systems. Furthermore, 387 the scenarios selected are just example evaluations of restoration strategies. Considerable 388 additional work would be needed to evaluate the local details of an augmentation flow 389 approach or the details treatment of discharged effluents. 390
This study has highlighted the role of mathematical modelling in low resource environments 391 where data are both sparse and difficult to capture given the complexity and dynamic nature 392 of the environmental, economic and political context. The rapid growth of Dhaka and the 393 importance of new industries such as the garment industry which is generating over USD 25 394 billion per year is a key issue for Bangladesh. Such industries create work for mainly female 395 workers lifting multiple more people out of poverty. However planned future growth to double 396 such development by 2021 will depend on protecting the river to balance growth with 397 environmental sustainability, human health and job creation. 398
